Animal models can reproduce some model-specific aspects of human diseases, but some animal models translate poorly or fail to translate to the corresponding human disease. Here, we develop a strategy to systematically compare human and mouse tissues, and conduct a proof-of-concept experiment to identify molecular similarities and differences using patients with idiopathic pulmonary fibrosis and a bleomycin-induced fibrosis mouse model. Our novel approach employs highthroughput tissue microarrays (TMAs) of humans and mice, high-resolution matrix-assisted laser desorption/ionizationFourier transform-ion cyclotron resonance-mass spectrometry imaging (MALDI-FT-ICR-MSI) to spatially resolve mass spectra at the level of specific metabolites, and hierarchical clustering and pathway enrichment analysis to identify functionally similar/different molecular patterns and pathways in pathological lesions of humans and mice. We identified a large number of common molecules (n = 1366) and fewer exclusive molecules in humans (n = 83) and mice (n = 54). Among the common molecules, the 'ascorbate and aldarate metabolism' pathway had the highest similarity in human and mouse lesions. This proof-of-concept study demonstrates that our novel strategy employing a reliable and easy-toperform experimental design accurately identifies pathways and factors that can be directly compared between animal models and human diseases.
The scientific community has questioned the translation of experimental results from induced or genetically modified animal models to human diseases, which casts potential doubt on the translation of results from bench-to-bedside. In the field of medical research, animal models are considered as valuable research tools that provide insights into the complex world of human diseases. However, a model is only a simple representation of a complex system. 1 The ease with which animal models allow advanced research entails a risk of ignoring the possibility that the results from those studies may only provide limited translational potential to humans. 2 An animal model may not reproduce a human disease with all its complexities, 1 although it may reproduce model-specific aspects of a disease. 1 Thus, it is of utmost importance to define the aspects of a human disease that are accurately represented by a specific animal model. This knowledge is crucial to ensure that an animal model is suitable for the purposes of an experimental investigation.
Direct molecular comparisons between human diseases and animal models are limited and demonstrate both good translation and impossible translation. One of the most impressive studies that reported a failure in the translation from an animal model to humans involved a mouse model of genomic response to inflammation, which poorly mimicked human inflammatory disease. 3 Conversely, several studies in genetically engineered mouse models have shown promising initial results for clinical challenges in diagnosis, treatment, and research. 4 Histopathological examination plays a key role in comparative studies to identify similarities between human diseases and their corresponding animal models. A breakthrough occurred in a comparative study of a mouse model for pancreatic ductal adenocarcinoma, in which mice have similar genetic alterations as in the human disease and develop pancreatic cancer that was histologically comparable with that in humans. [4] [5] [6] [7] Although histopathology is useful for these comparative studies, molecular analyses in these studies are limited.
Many advanced technologies are currently used for tissuebased research. Mass spectrometry has unique advantages among these technologies, including high sensitivity, wide range of molecules, molecular specificity, and the flexibility to identify numerous and varied analytes on a single platform. Most mass spectrometric techniques require liquid samples derived from homogenized tissues. However, tissue samples are not homogeneous and consist of multiple different cell types. Thus, small pathological lesions only constitute a small percentage of the overall tissue sample, and high-throughput techniques do not employ procedures that enable specific investigation of these small tissue subsets. One way to overcome this limitation is to perform tissue microdissection and concentrate the lesions of interest 8, 9 this is very labor intensive and requires large samples, which are not often available. Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) is a powerful technique that combines mass spectrometry molecular analysis with histology, which enables spatially resolved and label-free detection of hundreds to thousands of molecules within a single tissue section. 10, 11 After performing the initial MALDI-MSI measurements, computational microdissection of molecular signatures in the lesions of interest generates spatially resolved metabolic maps that can be analyzed in greater detail. 10, 11 In the present study, a specialized statistical approach of the MALDI imaging data plays an important role. To elucidate molecular similarities and differences between mouse and human tissues, we perform a hierarchical clustering analysis, which is a well-established statistical method within the context of tumor heterogeneity. 12 Thus, the most important feature of MALDI imaging is analysis of the spatially resolved mass spectrometric data. We segmented the lesions of interest and then performed hierarchical clustering analysis to generate molecular patterns of functional similarity or difference. 13 We used this analytical method to identify functionally similar and functionally differences between human patients and model mice, and then conducted deeper molecular analyses.
We recently published a new protocol for molecular imaging using high-resolution matrix-assisted laser desorption/ionization-Fourier transform-ion cyclotron resonancemass spectrometry imaging (MALDI-FT-ICR-MSI). 14, 15 This analytical approach enables the molecular in situ imaging of cellular metabolites in formalin-fixed paraffin-embedded (FFPE) tissue samples for the first time. The protocol generates multiplex molecular data with unprecedented detail. It can be used to analyze archived tissue material, which enables direct molecular comparison of archived patient tissues with corresponding model animal tissues. In the present study, we constructed tissue microarrays (TMAs) using archived FFPE tissues from patients with idiopathic pulmonary fibrosis and FFPE tissues from the corresponding bleomycin-induced mouse model. TMAs enable large numbers of individual patients and individual mice to be screened in the same experiment with one MALDI-FT-ICR-MSI measurement. This ensures that all specimens are analyzed using the very same experimental conditions, which is a prerequisite for our experimental approach. This strategy enables direct comparisons of the results for each individual with the results for all other individuals within the same experiment. The possibility of combining large numbers of tissue samples from patients or animals into one FFPE block also enables high-throughput sample screening to define statistically and biologically reliable molecular patterns.
The principle goal of this proof-of-concept study was to create a novel approach for identifying factors in human diseases and their corresponding animal models that could be directly compared with each other using a reliable and easyto-perform experimental protocol. We present a protocol that unites classical histological techniques with highly sophisticated tissue-based molecular analyses using high-resolution MALDI imaging and subsequent statistical analyses. This enables the investigation of a broad range of disease-related aspects that have been translated from humans into the mouse model or vice versa (Figure 1a ). Our experimental setup enables comprehensive comparative molecular analyses within one experiment for the first time, which avoids interexperimental variations and saves cost and time. We consider this approach as a novel solution to validate a given animal model for specific purposes. The designed experimental pipeline can be easily standardized and displays excellent reproducibility. 15 Our approach will help researchers obtain more reliable results from animal experiments.
In this proof-of-concept study, we validated metabolomic characteristics of bleomycin-induced pulmonary fibrosis in mice by direct comparison with metabolomic characteristics of pulmonary fibrosis in patients to identify molecular similarities and differences between the animal model and humans.
MATERIALS AND METHODS Tissue Preparation
Primary surgical resection specimens were obtained from patients diagnosed with lung fibrosis (n = 10). Samples were collected at the Institute of Pathology, Hannover Medical School, Germany. All experiments were performed in accordance with relevant guidelines and regulations. All tissue specimens analyzed in this study were obtained from patients who gave their written informed consent and the study was approved by the Ethics Committee of the Hannover Medical School (ethical votes #1691-2013 and #3381-2016).
Bleomycin-induced fibrotic mice (n = 23) also were used. The care of the animals was consistent with guidelines of the German Federal Association for Accreditation of Laboratory Animal Care. Induction of bleomycin-induced lung fibrosis was intratracheally instilled and animal housing were carried out according standardized procedures by bleomycin (Calbiochem, Darmstadt, Germany) at a dose of 0.5 mg/kg (1.5-2 U/mg) in sterile isotonic saline (50 μl per animal). All methods were performed in accordance with the relevant guidelines and regulations.
Tissues were prepared for MALDI-FT-ICR-MSI analysis by tissue sectioning, deparaffinisation, and matrix coating. FFPE tissue samples were sectioned with a thickness of 3 μm, and water-bath mounted onto indium-tin oxide (ITO)-coated glass slides (Bruker Daltonik GmbH, Bremen, Germany) pretreated with 1:1 poly-L-lysine (Sigma-Aldrich, Munich, Germany) and 0.1% Nonidet P-40 (Sigma). FFPE sections were incubated for 1 h at 70°C, deparaffinized in xylene (2 × 8 min), and air dried. Briefly, FFPE samples were coated in 10 mg/ml 9-aminoacridine matrix in 70% methanol using a SunCollect sprayer (Sunchrom, Friedrichsdorf, Germany) as described previously. 14, 15 MALDI-FT-ICR-MSI MALDI-FT-ICR-MSI (solariX 7 T FTICR MS, Bruker) measurements were performed in the mass range of m/z 50 − 1000 in negative ion mode with an estimated resolution of 35 000 at m/z 400 and a spatial resolution of 60 μm. Spectra were recorded on solariXcontrol software with 1 M data points, a transient length of 0.26 s, and an ion cooling time of 0.01 s. Source conditions were as follows: deflector plate at − 200 V, funnel 1 at − 150 V, skimmer 1 at − 15 V, and funnel rf amplitude of 150 Vpp. For each measurement position, 40 laser shots were accumulated using a Smartbeam-II Nd:YAG (355 nm) laser with an operating at a frequency of 500 Hz. Mass spectrometer calibration was conducted using L-arginine in the electrospray ionization (ESI) mode. A non-tissue measurement region was included as background control. Following measurement, the matrix was removed with 70% ethanol, stained with H&E, mounted with a coverslip, scanned with a Mirax Desk scanner (Zeiss, Göttingen, Germany) with a × 20 magnification objective, and co-registered to respective MSI data using FlexImaging v. 4.0 (Bruker). FlexImaging was used to annotate tissues by defining regions of interest and to export spectral data normalized with respect to root mean square as described previously. 14, 15 Immunohistochemistry for Validation Immunohistochemical staining was performed on a Discovery XT automated stainer (Ventana, Tucson, AZ, USA). As a primary antibody Anti-Chondroitin Sulfate antibody (monoclonal mouse, Nr: SAB420096, Sigma) was used. The secondary antibody was a universal secondary antibody (Roche: 05268877001). Slides were scanned at × 20 objective magnification using a Mirax Desk digital slide scanner (Carl Zeiss MicroImaging, Munich, Germany).
Bioinformatics and Statistical Analysis
Data processing was performed with a MATLAB script using the bioinformatics and image processing toolboxes (v.7.10.0, MathWorks, Natick, MA, USA). All exported spectra underwent baseline subtraction to remove noise, resampling to lower data dimensionality, and smoothing to remove tissue and measurement artefacts. 16 Peak picking was conducted using a modified version of the LIMPIC algorithm, 17 using m/z 0.0005 minimal peak width, a signal-to-noise threshold of 2, and an intensity threshold of 0.01%. Peaks were picked if found in 80% of the samples in each group. Isotopes were automatically identified and excluded. To identify statistically significant differences in m/z values, the peak lists were analyzed with the Mann-Whitney U-test (alpha = 0.05). Then, m/z values that also occurred in the non-tissue measurement region (acting as a background control) were excluded from these peak lists by assuming that m/z values occurring in the non-tissue region could be molecules from the slide surface.
RESULTS

Direct Comparison of Fibrotic Lesions in Humans and an Induced Mouse Model
A number of mouse models have been developed to mimic key features of pulmonary fibrosis by triggering lung injuries; however, none of the mouse models fully recreate the chronic aspect of the disease. 18 Bleomycin is the most frequently used agent, which is regarded as the standard for modeling fibrosis in mice. We directly compared tissues from patients with idiopathic pulmonary fibrosis with tissues from bleomycininduced pulmonary fibrosis in mice to identify specific similarities and differences in the fibrotic lesions.
A schematic of our experimental approach is presented in Figure 1b . The standard procedure for preserving and archiving patient tissue is formalin fixation followed by embedding in paraffin (FFPE) as described previously. 15 To compare human and mouse tissue samples, it is essential that all tissues are processed in the same way (Figure 1b) . Thus, tissues were excised from bleomycin-treated mice, fixed in formalin, and embedded in paraffin. Another important step is to define morphological comparable regions in the two tissue samples. Thus, each tissue block was sliced into 3 μm-thick sections, stained with hematoxylin and eosin (H&E), subjected to pathological examination, and comparable tissue regions were marked. This was the entry point for generating TMAs, which consisted of separate tissue cores from the marked regions of each sample that were assembled as an array to allow multiplex histological analysis of a large number of specimens at the same time. We created two TMAs, one for patient tissue and one for mouse tissue. Finally, the TMAs were sliced into 3 μm-thick sections. One slice of the patient TMA and one slice of the mouse TMA were combined on the same MALDI imaging glass slide. The combined TMA sections were simultaneously imaged with MALDI-FT-ICR-MSI and measured within a single run as described in our recently published protocol. 14,15
Distribution of Molecules in Fibrotic Lesions of Human and Mouse Tissues
After performing MALDI-FT-ICR MSI measurements, the matrix was removed from the tissue sections, the samples were stained with H&E, and then the samples were coregistered to the mass spectrometric data. Fibrotic areas were marked as regions of interest, and fibrosis-specific mass spectra were extracted. We identified molecules that were characteristic for humans (n = 83 molecules) or mice (n = 54 molecules; Figure 2 ). The majority of identified molecules were common in humans and mice (n = 1366 molecules; Figure 2 ).
Next, we performed an unsupervised hierarchical clustering of the mass spectral data to spatially resolve molecular components and identify functionally similar regions in Figure 2 Numbers of specific or shared molecules in the fibrotic tissues of humans and mice. Venn diagram demonstrating the large numbers of shared molecules in common in human idopathic pulmonary fibrosis and the bleomycin-induced mouse model. human and bleomycin-induced mouse fibrotic tissues. We identified three distinct molecular clusters, which provided information on characteristic molecules in human tissue (Figure 3a) , characteristic molecules in bleomycin-induced mouse tissue (Figure 3b) , and characteristic molecules that were common in human and mouse tissues (Figure 3c ). For example, the molecular distribution of a chondroitin/ dermatan fragment (m/z 378.1031) and chondroitin/dermatan sulfate fragment was common in both human and mouse tissues (Figures 4a and b) . We validated by immunohistochemical staining on the TMA the local distribution of chondroitin sulfate of which we have also presented the MALDI imaging data. (Figures 4b and 5) . The MALDI-FT-ICR-MSI signal and the immunohistochemical staining demonstrated a high degree of overlapping localization ( Figure 5 ).
Common Molecules in Fibrotic Lesions of Human and Mouse Tissues
To further characterize the shared molecular patterns in human and mouse tissues, we analyzed the abundance of the 1366 common molecules. The abundance of these molecules in mice was normalized with respect to the relative intensity of the molecular ion peaks in humans. Molecules that were detected in mice tissue and were o50% of the relative intensity in humans were considered as having lower abundance, molecules in the range of 50 − 200% of the relative intensity in humans were considered as equally abundant, and molecules in the range of 4200% of the relative intensity in humans were considered as having higher abundance. Using this categorization we identified 900 molecules that were equally abundant in humans and mice, 282 molecules that had lower abundance in mice than in humans, and 184 molecules that had higher abundance in mice than in humans (Figures 6a and b) .
Common Metabolic Pathways in Fibrotic Lesions of Human and Mouse Tissues
The 900 molecules that were comparably abundant in human and mouse tissues were annotated by alignment with the Metlin and KEGG databases (https://metlin.scripps.edu/ index.php, http://www.kegg.jp). Then, these results were subjected to pathway enrichment analysis (http://www. metaboanalyst.ca) to determine which pathways in the induced mouse tissue were comparable with those in diseased human tissue. We identified six pathways that had the highest enrichment (Figure 7) , including tryptophan metabolism, galactose metabolism, starch and sucrose metabolism, glyoxylate and dicarboxylate metabolism, pentose and glucuronate interconversions, and ascorbate and aldarate metabolism. The ascorbate and aldarate metabolic pathway was the most prominent pathway among these six pathways, which could provide a basis for further investigations.
DISCUSSION
Studies in which the translation of results from animal experiments to humans failed have raised serious questions about the value of animal models and the need to validate established animal models. It is clearly necessary to establish a new understanding of the limitations of animal models and the validated extrapolations that can be formalized from animal models. Thus, we developed a new experimental approach that enables direct comparisons of animal models with humans in a very easy and reliable way. The present study provides a proof-of-concept experiment (Figure 1 ) that validates our protocol. This study directly compares fibrotic tissues from humans and induced mice and identifies molecular similarities and differences in these two tissues. Our novel protocol can be implemented to obtain molecular information that allows researchers to determine the specific aspects that are common and that differ between human diseases and animal models. Or, vice versa, what aspects of a human disease are missing and have to be improved in the model. Our protocol enables a multiplex study of hundreds to thousands of molecules in human and animal tissues within a single experiment. We recently published a protocol for spatially resolved mass spectrometry of metabolites in FFPE tissues. 14, 15 The present study incorporates preserved human specimens from archival material, thereby opening an This proof-of-concept study compares tissues from human patients with idiopathic pulmonary fibrosis with tissues from MALDI imaging in comparative medicine M Aichler et al bleomycin-induced mice with pulmonary fibrosis. We identified moderate numbers of molecules that were specific for either humans or mice and a large number of molecules that were commonly shared in humans and mice (Figure 2 ). Within the common molecules, we annotated a chondroitin/ dermatan sulfate fragment (Figure 4 ). Pulmonary fibrosis is characterized by increased proteoglycan deposition, which leads to loss of normal lung structure and function. 19, 20 Proteoglycans are key components of the lung extracellular matrix, and are characterized by the presence of one or multiple glycosaminoglycan side chains. 21 Glycosaminoglycans are key players in tissue repair and fibrosis. [22] [23] [24] [25] There is an increased deposition of the chondroitin/dermatan sulfate glycosaminoglycan in pulmonary fibrosis. 21 Thus, our MALDI-FT-ICR-MSI results and analyses are consistent with previous reports. An interesting future prospect would be the analysis of glycan fragments, eg, in the blood. Based on the high abundance of glycans observed in tumor stroma regions and the apparent correlation with tumor biology, 26 current findings indicate that glycan fragments could prove to be useful biomarkers. Changing of glycosylation in cystic fluids is already showing a potential for ovarian tumor staging and classification. 27 Most of the shared molecules were comparably abundant in the two tissues (Figures 6a and b) , which suggests a highly functional molecular overlap between fibrotic disease in humans and the induced fibrotic mouse model. Molecules that were comparably abundant in humans and mice were annotated and subsequently analyzed for pathway enrichment. The results identified common metabolic pathways in fibrotic tissues of humans and mice. We found that the ascorbate and aldarate metabolism pathway was most enriched in these tissues ( Figure 7 ). Ascorbate is a crucial cosubstrate of enzymes responsible for post-translational hydroxylation of prolyl and lysyl residues, which are necessary for thermostability of the collagen triple helix and for extracellular cross-linking of collagen fibers, respectively. 28, 29 These combined results might reflect an increase in the extracellular matrix within the fibrotic areas.
MALDI-FT-ICR-MSI is a powerful tool that enables spatially resolved and label-free detection of hundreds to thousands of molecules within a single tissue section. 10, 11 A broad range of analytes can be investigated, including drugs. 10, 11, 30 Thus, it is possible to analyze the distribution and concentration of drugs within a tissue section. 30, 31 Thus, it could be possible to directly compare diseased human tissues treated with chemotherapeutics or other drugs with their correspondingly treated mouse models to analyze drug distribution, behavior, and drug-mediated molecular changes. Such studies could facilitate clinical trials and drug development. Our novel protocol is generally suitable for all fields of medical research that compare human tissues with comparable animal model tissues, including research in cancer, neuroscience, and cardiology.
Our novel approach also contributes to the internationally recognized call for replacement, reduction, and refinement (3Rs) of animals used for experimental research. 32 Just as the protocol can utilize archived FFPE-fixed human samples, it also can utilize FFPE-fixed animal tissues, and thereby spare the lives of additional animals for the validation experiments. The results of the validation experiments may reduce the number of killed animals by identifying animal models that are only weakly comparable with the human disease. The validation experiments also could provide insight on how the animal model could be improved for greater specificity with the disease phenotype. The validation experiments also provide more specific use of the animals for specific research questions (fit-for-purpose validation 1 ), and reduce the numbers of different animal models used for one study when only one model has the best fit. The high-throughput screening of the animal tissue microarrays can be used to identify inter-animal variability, which also could be used to improve the model. This study presented a proof-of-concept experiment, and further investigations can improve the experimental outcomes and results. A more sophisticated analysis of the annotated molecules by validation and identification with additional mass spectrometric techniques is possible. It also is possible to integrate both human and mouse material into one TMA for sample randomization. This was not needed in the present experiment because all tissue cores were measured in the same MALDI imaging run. Our purpose was not to identify deep biological results; rather, we developed the new protocol for direct comparisons of human and mouse tissues in a manner that was highly reliable and easy to perform.
In summary, our proof-of-concept study establishes a novel approach that can be used to define metabolomic characteristics of human diseases and translate them directly into animal models. The protocol can be used to validate established or newly engineered animal models, and thereby generate a deeper understanding of the molecular features of a human disease that can be modeled by an induced animal. Clearly, new experimental approaches and novel technological synergisms are required for real progress in the translation of research from bench to bedside.
